1. Introduction {#s0005}
===============

The increase in incidence and prevalence of type 2 diabetes is strongly associated with the obesity epidemic \[[@bb0005]\]. Roux-en-Y gastric bypass (RYGB) is the most effective approach for weight loss and randomized, controlled trials demonstrate its superiority compared to medical therapy for diabetes control \[[@bb0010],[@bb0015]\]. Mechanisms underlying diabetes resolution in RYGB remain unclear, limiting development of less-invasive alternatives. Numerous studies have documented post-RYGB hormonal changes \[[@bb0020], [@bb0025], [@bb0030], [@bb0035]\]. One of the changes known to occur after RYGB is an increase in postprandial glucagon-like peptide-1 (GLP-1) concentrations compared with control subjects \[[@bb0040], [@bb0045], [@bb0050]\]. GLP-1 is an insulin secretagogue released by enteroendocrine L cells \[[@bb0055]\]. In addition to its incretin effect, GLP-1 delays gastric emptying, enhances satiation, reduces food intake, suppresses glucagon secretion, and regulates hepatic and peripheral glucose flux \[[@bb0060],[@bb0065]\]. GLP-1 circulates as two active forms, GLP-1 (7--37) and GLP-1 (7--36) amide, and both of them improve glucose homeostasis and control body weight in experimental models of diabetes and obesity \[[@bb0070],[@bb0075]\]. These and numerous other observations have led to the development of GLP-1-based therapies for type 2 diabetes \[[@bb0080],[@bb0085]\]. Accordingly, an understanding of how RYGB alters GLP-1 production will facilitate the development of less-invasive therapies for weight loss and metabolic control that can be more broadly applied than surgery.

Recent researches illustrate that fasting GLP-1 levels are positively associated with total, secondary and conjugated bile acids after RYGB surgery \[[@bb0090]\]. Bile acids are signaling molecules that coordinately regulate metabolism and inflammation via their hormone receptors nuclear farnesoid X receptor (FXR) and Takeda G protein-coupled receptor 5 (TGR5) \[[@bb0095]\]. TGR5 contributes to the glucoregulatory benefits of vertical sleeve gastrectomy (VSG) surgery by promoting metabolically favorable shifts in the circulating bile acid pool \[[@bb0100],[@bb0105]\]. Bile acids may also act as molecular enhancers of GLP-1 secretion through activation of TGR5-receptors \[[@bb0110],[@bb0115]\]. However, the molecular mechanisms by which intestinal L cells sense the change of circulating bile acids at the organism level to regulate GLP-1 production after RYGB are currently unknown.

Mechanistic target of rapamycin (mTOR), a highly conserved serine-threonine kinase, has been reported to serve as an intracellular fuel sensor critical for energy homeostasis \[[@bb0120],[@bb0125]\]. Aberrant mTOR activity is linked to the development of cancer, diabetes, and obesity \[[@bb0130]\]. Downstream targets of mTOR include ribosomal protein S6 kinases (S6Ks), S6 and eukaryotic translation initiation factor 4E binding protein 1 (4EBP1) \[[@bb0130],[@bb0135]\]. Deletion of S6K1 protects against while 4EBP1 gene null worsens glucose metabolism in diet-induced obese mice \[[@bb0140],[@bb0145]\] There are two mTOR complexes: mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). mTORC1 is responsible for nutrient-sensing functions and is composed of mTOR, G protein-subunit-like protein, and regulatory-associated protein of mechanistic target of rapamycin (Raptor). mTORC2 which phosphorylates Akt contains mTOR and rapamycin-insensitive companion of mTOR (Rictor) \[[@bb0125]\] Our previous studies demonstrate that ileal mTORC1 signaling regulates the production of GLP-1 \[[@bb0150]\]. We thus hypothesized that mTORC1 is required for the effects of RYGB on GLP-1 production. Here, we examined whether bile acids-induced TGR5-mTORC1 signaling pathway contributes to the increment of GLP-1 production after RYGB in the mouse obese models and human subjects.

2. Material and Methods {#s0010}
=======================

2.1. Animals and Treatments {#s0015}
---------------------------

Male C57BL/6J mice were maintained at a regulated environment (24 °C, 12-h light, 12-h dark cycle with lights on at 0700 and off at 1900). Regular chow (NCD: 3.85 kcal/g, 10% fat, 20% protein, 70% carbohydrate, formula D12450B, Research Diets Inc., New Brunswick, NJ, USA) or high-fat diet (5.24 kcal/g, 60% fat, 20% protein, 20% carbohydrate, formula D12492, Research Diets Inc.) was available ad libitum unless specified otherwise. Animals used in this study were handled in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 8023, revised 1978). All animal protocols were approved by the Laboratory Animal Ethics Committee of Jinan University.

When indicated, animals were fasted for 24 h, treated with dimethyl sulfoxide (DMSO) or rapamycin (1 mg/kg) for 9 consecutive days, or injected via tail veins with adenovirus containing green fluorescent protein (Ad-GFP, 10^9^ pfu) or adenovirus containing ribosomal protein subunit 6 kinase 1 (Ad-S6K1, 10^9^ pfu) 9 days before sacrifice.

2.2. Surgical Procedures {#s0020}
------------------------

RYGB and sham surgeries were performed as previously described \[[@bb0155],[@bb0160]\]. Animals were fasted 4 to 6 h before the operation. Anesthesia was induced and maintained with isoflurane. Standard aseptic procedures were used throughout.

RYGB surgery: A small gastric pouch with a volume of approximately 5% of the normal gastric volume was anastomosed with the open end of the jejunum. The jejunum was transected about 6 cm distal to the pylorus. The distal end was brought up to the stomach pouch for an end to end anastomosis. For the jejuno-jejunostomy, a longitudinal slit was made on the antimesenteric side of the jejunum at 6 cm distal to the site of gastrojejunostomy, and the proximal end of the jejunum was joined in an end-to-side anastomosis. Before the closing of the abdominal cavity, the intestine was arranged in an "S" position to avoid intestinal obstruction. In the abdominal wall, the muscular and skin layers were closed separately.

Sham operation: the perigastric ligaments were cut, and then a 3 mm incision was made in the stomach wall and closed with a titanium clip. In addition, the jejunum was transected 6 cm distal to the pylorus, and the two cut ends were anastomosed.

Post-operative care: Mice were given 0.7 mL of 5% dextrose subcutaneously and carprofen (5 mg/kg, s.sc) for analgesia after surgery. Mice were allowed to recover under previously described post-operative care \[[@bb0165]\]. A liquid diet was provided on post-surgery days 2 through 5. On post-operative days 6 and 7, 0.25 g high-fat diet was provided and on post-surgery day 8, a high-fat diet or normal chow diet was provided ad libitum.

2.3. Recruitment of Human Subjects and Collection of Intestinal Biopsies {#s0025}
------------------------------------------------------------------------

Six male obese participants with type 2 diabetes, six one-year post-RYGB patients and six normal glycemic subjects were enrolled in the study. Anthropometric data are provided in Supplementary Table 1. Participation in this study was voluntary and written informed consent was obtained from each participant. The guidelines of the Declaration of Helsinki of the World Medical Association were followed. All protocols were approved by the Research Ethics Committee of the First Affiliated Hospital of Jinan University. All participants were fasted for 12 h. An enteroscopy was performed in sedated participants using a colonoscopy (CF-HQ290I; Olympus). Mucosal biopsies were taken from intestines. Tissue samples were extracted for protein and RNA or for immunohistochemistry, respectively.

2.4. Cell Culture, Transfection and Reporter Assays {#s0030}
---------------------------------------------------

STC-1 cells were maintained in DMEM medium supplemented with 2.5% fetal bovine serum and 10% horse serum at 37 °C in an atmosphere of 5% CO~2~ air \[[@bb0170]\].

For transient transfection, cells were plated at optimal densities and grown for 24 h. Cells were then transfected with TGR5 siRNA or mTOR siRNA using lipofectamine reagent according to the manufacturer\'s instructions. After 24 h transfection, the cells were then treated with DMSO or DCA (30 μmol/L) for another 24 h.

For reporter assays, cells were plated onto 24-well tissue culture plates at optimal densities and grown for 24 h. Cells were then transfected with the proglucagon promoter-luciferase reporter gene constructs (500 ng) and an internal control pSV-β-galactosidase (25 ng) per well using lipofectamine reagent \[[@bb0150]\]. Cells were treated with various doses of deoxycholic acid (DCA) for 24 h. Cell lysates were analyzed for luciferase activity with the luciferase reporter assay system using a luminometer (Monolight 2010, Analytical Luminescence Laboratory, SanDiego, CA) according to the manufacturer\'s instructions. β-galactosidase activity was measured according to the manufacturer\'s protocol.

2.5. Co-immunoprecipitation (Co-IP) {#s0035}
-----------------------------------

For co-immunoprecipitation, STC-1 cells treated with DCA (30 μmol/L) or DMSO for 24 h were lysed with RIPA lysis buffer for 30 min and centrifuged at 12,000*g* for 15 min. Total proteins (500 μg) were incubated with indicating primary antibodies such as TGR5, mTOR or Raptor. The mixture was gently rotated at 4 °C overnight. Anti-rabbit IgG antibody was served as negative control. The immunocomplex was collected with protein A+G agarose, and the precipitates were washed five times with ice-cold PBS. Finally, proteins were released by boiling in sample buffer and utilized for western blot analysis.

2.6. Analysis of Circulating Bile Acids {#s0040}
---------------------------------------

To determine the concentration of BAs in plasma, BAs were measured with a highly selective reversed phase LC-MS/MS analysis method in negative MRM detection mode. Data of BAs were processed with Analyst Software 1.5, ACD/Labs ChemSketch and EXCEL 2010 software for comprehensive statistical analysis. BA panel comprised cholic acid (CA), chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), 3β-cholic acid (3β-CA), ursodeoxycholic acid (UDCA), hyodeoxycholic acid (HDCA), isodeoxycholic acid (IDCA), 23-norcholic acid (NCA), ursocholic acid (UCA), 3-dehydrocholic acid (3-DHCA), 7-ketodeoxycholic acid (7-KDCA), 7-ketolithocholic acid (7-KLCA), allocholic acid (ALCA), α-, β- and λ-muricholic acid (MCA) as well as their glycine (G) and taurine (T) conjugates. Taurodehydrocholic acid, tauro-β-muricholic acid, tauro-ω-muricholic acid, dehydrolithocholic acid, isolithocholic acid, 23-nordeoxycholic acid, 6-ketolithocholic acid, 12-ketolithocholic acid, apocholic acid, 3β-ursodeoxycholic acid, β-hyodeoxycholic acid, dehydrocholic acid, dioxolithocholic acid, 6,7-diketolithocholic acid and 12-dehydrocholic acid were excluded from calculations due to undetectable plasma concentrations. For calculations, BAs were further grouped as follows: 1) total BAs = all BAs including conjugated and free forms; 2) primary BAs = CA, CDCA, 3β-CA, NCA, UCA, α-, β-MCA and conjugates; 3) secondary BAs = DCA, UDCA, IDCA, ALCA, HDCA, 7-KLCA, 7-KDCA, 3-DHCA, λ-MCA and their conjugates; 4) unconjugated BAs = CA, CDCA, DCA, 3β-CA, NCA, UCA, 3-DHCA, 7-KDCA, 7-KLCA, ALCA, HDCA, IDCA, UDCA, α-, β- and λ-MCA; 5) conjugated BAs = all glycine- and taurine-conjugated BAs.

2.7. Western Blot Analysis {#s0045}
--------------------------

Protein extracts were electrophoresed, blotted, and then incubated with primary antibodies. The antibodies were detected using 1:10,000 horseradish peroxidase-conjugated, donkey anti-rabbit IgG and donkey anti-mouse IgG (Jackson ImmunoResearch, USA). A western blotting luminol reagent was used to visualize bands corresponding to each antibody. The band intensities were quantitated by Image J software.

2.8. Immunohistochemistry {#s0050}
-------------------------

Intestinal mucosal biopsies were postfixed in 4% paraformaldehyde, dehydrated, embedded in wax, and sectioned at 6 μm. Paraffin-embedded sections were dewaxed, rehydrated and rinsed in PBS. After boiling for 10 min in 0.01 mol/L sodium citrate buffer (pH 6.0), sections were blocked in 5% goat preimmune serum in PBS for 1 h at room temperature and then incubated overnight with rabbit anti-Phospho-S6K (Thr389) (1:100), Phospho-S6 (Ser235/236) (1:400) or rabbit anti-TGR5 (1:500) combined with mouse monoclonal antibody to GLP-1 (1:500). Tissue sections were then incubated at 22 °C for 2 h with a mixture of the following secondary antibodies: goat anti-mouse fluorescein isothiocyanate-conjugated IgG (1:50) and dylight 594 affinipure donkey anti-rabbit IgG (1:100). Controls included substituting primary antibodies with mouse IgG or rabbit IgG. Photomicrographs were taken under a confocal laser-scanning microscope (Leica, Germany).

2.9. Quantitative Real-Time PCR {#s0055}
-------------------------------

Quantitative Real-time PCR was performed as described previously \[[@bb0150],[@bb0170]\]. Primers used in this study were shown in Supplementary Table 2. For gene expression analysis, RNA was isolated from mouse tissues using TRIzol and reverse-transcribed into cDNAs using the First-Strand Synthesis System for RT-PCR kit. SYBR Green-based real-time PCR was performed using the Mx3000 multiplex quantitative PCR system (Stratagene, La Jolla, CA). Triplicate samples were collected for each experimental condition to determine relative expression levels.

2.10. Measurements of GLP-1 {#s0060}
---------------------------

Measurements of GLP-1 secretion were performed as described previously \[[@bb0150],[@bb0170]\] Samples were collected in the presence of aprotinin (2 μg/mL), EDTA (1 mg/mL) and diprotin A (0.1 mmol/L), and stored at −80 °C before use. Total and active forms of GLP-1 were assayed using the enzyme immunoassay kits according to the manufacturer\'s instructions.

2.11. Statistical Analysis {#s0065}
--------------------------

Statistical differences were evaluated by factorial design analysis of variance (ANOVA) or one-way ANOVA followed by Newman-Student-Keuls test. Comparisons between two groups were performed using Student\'s t-test. The correlation was determined by Pearson analysis. *P* \< 0.05 was considered significant.

3. Results {#s0070}
==========

3.1. Effects of Fasting on Plasma TBAs, Intestinal mTORC1 Signaling, and GLP-1 Production {#s0075}
-----------------------------------------------------------------------------------------

To examine the effect of organism energy status on plasma total bile acids, mTORC1 signaling and GLP-1 production in different intestinal segments, 12-week-old male C57BL/6 J mice were divided into two groups, a control group in which animals were fed ad libitum and a group in which mice were fasted for 24 h. Fasting significantly reduced plasma TBAs (Supplementary Fig. 1c). Alteration in plasma bile acids was associated with significant decreases in the phosphorylation of S6 ribosomal protein and GLP-1 precursor named proglucagon in jejunum and ileum but not in duodenum in fasted mice. Both S6 activity and proglucagon expression of jejunum and ileum were higher than duodenum in fed mice (Supplementary Fig. 1a). In addition, proglucagon mRNA levels were significantly decreased in fasted intestines relative to controls (Supplementary Fig. 1b). Correlation between plasma TBAs, ileal levels of phospho-S6 and proglucagon expressions was significantly positive (Supplementary Fig. 1d).

3.2. Attenuation of RYGB\'s Effects on Circulating Bile Acids, Ileal TGR5-mTORC1 Signaling and GLP-1 Production by Rapamycin in C57BL/6J Mice {#s0080}
---------------------------------------------------------------------------------------------------------------------------------------------

RYGB stimulates GLP-1 synthesis and secretion \[[@bb0050],[@bb0175]\] Our previous studies show that mTORC1 is an intestinal fuel sensor whose activity is linked to the regulation of GLP-1 \[[@bb0150]\]. We thus hypothesized that RYGB enhanced GLP-1 production through mTORC1 signaling. The effects of rapamycin, a well-documented mTORC1 inhibitor, were first examined. Obese mice induced by 60% high fat diet for 16 weeks were randomly divided into four groups: sham group receiving dimethyl sulfoxide (DMSO), sham group receiving rapamycin (1 mg/kg) ip injection for 9 days, RYGB-operated mice receiving DMSO or rapamycin. RYGB significantly stimulated the mTORC1 signaling in ileal mucosa as evidenced by the increase in raptor, as well as the phosphorylation levels of mTOR and its downstream targets: S6K1 and S6 ([Fig. 1](#f0005){ref-type="fig"}a). The increase in the mRNA and protein levels of ileal TGR5 and Cyp7a1, a rate-limited enzyme in the biosynthesis of bile acids \[[@bb0180]\], was associated with the activation of ileal mTORC1 signaling ([Fig. 1](#f0005){ref-type="fig"}a, b, and e). Surprisingly, RYGB suppressed the expression of FXR and its downstream effector small heterodimer partner (SHP) in ileums ([Fig. 1](#f0005){ref-type="fig"}a, c, and d). Consistent with previous reports, ileal proglucagon mRNA, protein and plasma GLP-1 were stimulated by RYGB ([Fig. 1](#f0005){ref-type="fig"}a, f, g, and h). Interestingly, this phenomenon was only observed in ileums but not in other intestinal segments such as biliopancreatic limbs, alimentary limbs and common limbs ([Fig. 1](#f0005){ref-type="fig"}f). Pre-treatment with rapamycin significantly attenuated the alteration of ileal mTORC1 signaling, TGR5, and Cyp7a1 as well as GLP-1 production induced by RYGB ([Fig. 1](#f0005){ref-type="fig"}a--h).Fig. 1Effects of rapamycin on RYGB-induced alteration of ileal TGR5-mTORC1 signaling and GLP-1 production in DIO mice.(a) Representative western blots from sham- or RYGB-operated mice that received ip injection of DMSO, rapamycin (Rapa, 1 mg/kg). Raptor, pmTOR, mTOR, pS6K, S6K, pS6, S6, FXR, Cyp7a1, TGR5, proglucagon, and β-actin were detected using specific antibodies. Results of quantitative PCR analysis of TGR5 mRNA (b), FXR mRNA (c), SHP mRNA (d), Cyp7a1 mRNA (e) in mouse ileums and proglucagon mRNA in different intestinal segments (f) are expressed as fold change from control using β-actin as loading control. (g) Plasma GLP-1(active). (h) Plasma GLP-1(total). Six samples were examined for each condition. \*, *P* \< 0.05 vs. sham-operated mice receiving DMSO. ^\#^, *P* \< 0.05 vs. RYGB- operated mice receiving DMSO. Statistical differences were evaluated by factorial design analysis of variance (ANOVA).Fig. 1

In L cells, activation of FXR decreased proglucagon expression \[[@bb0185]\], whereas bile acids promote GLP-1 secretion through TGR5 \[[@bb0115],[@bb0190]\] We thus examined the alteration of circulating bile acid composition in sham- and RYGB-operated DIO mice. A significant increase of total BAs was observed in 6-week post-RYGB mice relative to sham animals (1897.0 ± 223.4 to 8825.0 ± 96.9 nmol/L, *P* \< 0.01) ([Table 1](#t0005){ref-type="table"}). Pearson analysis showed that plasma deoxycholic acid, an unconjugated BA, was positively correlative with GLP-1 production and TGR5-mTORC1 signaling in the ileal mucosa of mice with sham or RYGB surgery (Supplementary Table 3). Although rapamycin significantly suppressed plasma total BAs (1897.0 ± 223.4 to 732.4 ± 37.5 nmol/L, *P* \< 0.01) in the sham animals, it demonstrated no effect on the up-regulation of total BAs, primary and secondary BAs elicited by RYGB ([Table 1](#t0005){ref-type="table"}). RYGB-induced increase in unconjugated BAs such as DCA, a secondary agonist for both TGR5 and FXR receptors, was significantly reversed by rapamycin. On the other hand, rapamycin further increased the up-regulation of conjugated BAs such as TCA and TUDCA induced by RYGB ([Table 1](#t0005){ref-type="table"}).Table 1RYGB alters plasma BA composition and concentrations in DIO mice receiving rapamycin or not.Table 1Specific BAsHSDHSRHRDHRR3β-CA33.0 ± 5.910.4 ± 2.5[⁎](#tf0005){ref-type="table-fn"}128.7 ± 4.9[†](#tf0010){ref-type="table-fn"}57.0 ± 1.9[‡](#tf0015){ref-type="table-fn"}, [§](#tf0020){ref-type="table-fn"}CA135.7 ± 30.166.9 ± 8.0530.3 ± 19.6[†](#tf0010){ref-type="table-fn"}361.4 ± 10.6[‡](#tf0015){ref-type="table-fn"}, [§](#tf0020){ref-type="table-fn"}CDCA27.6 ± 5.919.8 ± 3.331.6 ± 4.834.2 ± 4.3NCA11.6 ± 1.77.3 ± 1.016.7 ± 2.410.0 ± 0.1[§](#tf0020){ref-type="table-fn"}UCA9.2 ± 2.74.4 ± 0.425.3 ± 8.79.3 ± 1.5[§](#tf0020){ref-type="table-fn"}α-MCA17.7 ± 3.35.8 ± 0.7[⁎](#tf0005){ref-type="table-fn"}64.4 ± 2.1[†](#tf0010){ref-type="table-fn"}62.8 ± 17.3β-MCA126.5 ± 18.423.1 ± 2.5[⁎](#tf0005){ref-type="table-fn"}1206.0 ± 205.6[†](#tf0010){ref-type="table-fn"}325.9 ± 15.9[‡](#tf0015){ref-type="table-fn"}, [§](#tf0020){ref-type="table-fn"}3-DHCA10.6 ± 1.43.9 ± 0.7[⁎](#tf0005){ref-type="table-fn"}27.5 ± 3.6[†](#tf0010){ref-type="table-fn"}26.3 ± 3.8[‡](#tf0015){ref-type="table-fn"}7-KDCA25.7 ± 3.619.5 ± 2.074.2 ± 0.9[†](#tf0010){ref-type="table-fn"}44.3 ± 5.9[§](#tf0020){ref-type="table-fn"}7-KLCA23.9 ± 10.525.5 ± 8.121.7 ± 4.314.1 ± 0.7ALCA17.5 ± 0.57.1 ± 1.7[⁎](#tf0005){ref-type="table-fn"}62.2 ± 1.2[†](#tf0010){ref-type="table-fn"}33.9 ± 0.9[‡](#tf0015){ref-type="table-fn"}, [§](#tf0020){ref-type="table-fn"}DCA111.7 ± 10.568.2 ± 1.9[⁎](#tf0005){ref-type="table-fn"}528.1 ± 5.1[†](#tf0010){ref-type="table-fn"}223.6 ± 10.8[‡](#tf0015){ref-type="table-fn"}, [§](#tf0020){ref-type="table-fn"}HDCA19.3 ± 7.923.8 ± 9.925.0 ± 0.464.4 ± 39.3IDCA7.6 ± 1.65.9 ± 1.211.5 ± 1.210.4 ± 4.4UDCA14.5 ± 2.48.8 ± 1.775.0 ± 14.9[†](#tf0010){ref-type="table-fn"}39.2 ± 3.2[‡](#tf0015){ref-type="table-fn"}, [§](#tf0020){ref-type="table-fn"}λ-MCA18.1 ± 0.12.8 ± 1.7[⁎](#tf0005){ref-type="table-fn"}21.7 ± 0.8[†](#tf0010){ref-type="table-fn"}10.1 ± 2.4[‡](#tf0015){ref-type="table-fn"}GCA10.7 ± 0.33.2 ± 2.2[⁎](#tf0005){ref-type="table-fn"}17.7 ± 2.4[†](#tf0010){ref-type="table-fn"}14.3 ± 0.7[‡](#tf0015){ref-type="table-fn"}, [§](#tf0020){ref-type="table-fn"}GCDCA12.9 ± 0.811.6 ± 0.915.0 ± 1.512.2 ± 1.7TCA373.2 ± 71.949.4 ± 6.0[⁎](#tf0005){ref-type="table-fn"}1666.0 ± 128.1[†](#tf0010){ref-type="table-fn"}2943.0 ± 175.6[‡](#tf0015){ref-type="table-fn"}, [§](#tf0020){ref-type="table-fn"}α-TMCA277.8 ± 14.9218.4 ± 12.6[⁎](#tf0005){ref-type="table-fn"}1508.0 ± 413.7[†](#tf0010){ref-type="table-fn"}1641.0 ± 565.8GDCA11.0 ± 0.59.3 ± 0.411.3 ± 0.99.8 ± 0.6GDHCA6.6 ± 0.85.1 ± 0.95.6 ± 1.25.7 ± 0.4GHDCA9.7 ± 0.28.8 ± 0.210.3 ± 0.79.1 ± 0.3GLCA10.4 ± 1.51.8 ± 0.6[⁎](#tf0005){ref-type="table-fn"}15.4 ± 2.79.2 ± 1.1[§](#tf0020){ref-type="table-fn"}GUDCA12.0 ± 0.911.0 ± 1.015.7 ± 1.0[†](#tf0010){ref-type="table-fn"}10.0 ± 0.4[§](#tf0020){ref-type="table-fn"}TDCA51.0 ± 2.826.3 ± 13.1144.3 ± 33.3[†](#tf0010){ref-type="table-fn"}75.9 ± 3.2[‡](#tf0015){ref-type="table-fn"}, [§](#tf0020){ref-type="table-fn"}THDCA7.8 ± 1.01.5 ± 0.8[⁎](#tf0005){ref-type="table-fn"}9.8 ± 0.520.2 ± 5.6[§](#tf0020){ref-type="table-fn"}TLCA6.4 ± 1.26.3 ± 2.79.0 ± 2.35.1 ± 1.2TUDCA36.6 ± 1.616.6 ± 1.3[⁎](#tf0005){ref-type="table-fn"}128.0 ± 12.7[†](#tf0010){ref-type="table-fn"}215.0 ± 46.3[‡](#tf0015){ref-type="table-fn"}, [§](#tf0020){ref-type="table-fn"}λ-GMCA18.4 ± 1.615.1 ± 3.414.4 ± 0.813.8 ± 2.9λ-TMCA442.2 ± 145.549.8 ± 12.42405.0 ± 24.8[†](#tf0010){ref-type="table-fn"}4261.0 ± 791.5[‡](#tf0015){ref-type="table-fn"}, [§](#tf0020){ref-type="table-fn"}Total BAs1897.0 ± 223.4732.4 ± 37.5[⁎](#tf0005){ref-type="table-fn"}8825.0 ± 96.9[†](#tf0010){ref-type="table-fn"}10,570.0 ± 1615.0[‡](#tf0015){ref-type="table-fn"}Unconjugated BAs610.1 ± 51.0298.3 ± 16.5[⁎](#tf0005){ref-type="table-fn"}2850.0 ± 202.4[†](#tf0010){ref-type="table-fn"}1327.0 ± 34.0[‡](#tf0015){ref-type="table-fn"}, [§](#tf0020){ref-type="table-fn"}Conjugated BAs1287.0 ± 201.8434.1 ± 33.4[⁎](#tf0005){ref-type="table-fn"}5976.0 ± 272.8[†](#tf0010){ref-type="table-fn"}9244.0 ± 1587.0[‡](#tf0015){ref-type="table-fn"}, [§](#tf0020){ref-type="table-fn"}Primary BAs1036.0 ± 96.1412.7 ± 13.8[⁎](#tf0005){ref-type="table-fn"}5209.0 ± 100.2[†](#tf0010){ref-type="table-fn"}5470.0 ± 740.3[‡](#tf0015){ref-type="table-fn"}Secondary BAs861.5 ± 131.4306.7 ± 30.0[⁎](#tf0005){ref-type="table-fn"}3616.0 ± 43.3[†](#tf0010){ref-type="table-fn"}5101.0 ± 875.2[‡](#tf0015){ref-type="table-fn"}[^2][^3][^4][^5][^6]

Rapamycin also attenuated the RYGB-elicited alteration on ileal TGR5-mTORC1 signaling and GLP-1 production in lean mice (Supplementary Fig. 2).

3.3. Additional Effects of S6K1 Overexpression and RYGB on Ileal TGR5-mTORC1 Signaling, GLP-1 Production and Plasma Bile Acid Composition in DIO Mice {#s0085}
-----------------------------------------------------------------------------------------------------------------------------------------------------

We next examined whether activation of mTORC1 signaling in the ileums would enhance the effect of RYGB on the production of GLP-1. Tail vein administration of Ad-S6K1 (10^9^ pfu), a downstream target of mTOR, significantly increased both phospho-S6K and phospho-S6 levels in ileal mucosa ([Fig. 2](#f0010){ref-type="fig"}a), suggesting the activation of mTORC1 signaling. Both overexpression of S6K1 and RYGB enhanced the mTORC1 activity. This alteration was followed by a significant increase in mRNA and protein levels of ileal TGR5 and Cyp7a1 ([Fig. 2](#f0010){ref-type="fig"}a, b, and e), and the concomitant decrease in ileal FXR and SHP ([Fig. 2](#f0010){ref-type="fig"}a, c, and d). Both overexpression of S6K1 and RYGB significantly stimulated GLP-1 synthesis and secretion. Further, RYGB combined with injection of Ad-S6K1 also significantly stimulated GLP-1 production relative to sham-operated mice receiving Ad-GFP ([Fig. 2](#f0010){ref-type="fig"}a, f, g, and h).Fig. 2Effects of Ad-S6K1 on RYGB-elicited alteration of ileal TGR5-mTORC1 signaling and GLP-1 production in DIO mice.(a) Representative western blots from sham- or RYGB- operated mice that received tail vein injection of Ad-GFP, Ad-S6K1 (10^9^ pfu). Raptor, pmTOR, mTOR, pS6K, S6K, pS6, S6, FXR, Cyp7a1, TGR5, proglucagon, and β-actin were detected using specific antibodies. mRNA levels of TGR5 (b), FXR (c), SHP (d), Cyp7a1 (e) and proglucagon (f) were measured using quantitative PCR analysis. Plasma GLP-1(active) (g) and Plasma GLP-1(total) (h) were detected by ELISA. Six samples were examined for each condition. \*, *P* \< 0.05 vs. sham-operated mice receiving Ad-GFP. Statistical differences were assessed by factorial design ANOVA.Fig. 2

We also examined the co-localization of TGR5 and GLP-1 in ileal L cells using double-labeling immunofluorescent staining. Antibodies recognizing TGR5 and GLP-1 demonstrated strong positive reactivity in ileums. RYGB significantly increased the signal intensity for TGR5 and GLP-1 relative to sham surgery. Overexpression of S6K1 also enhanced TGR5, GLP-1 staining in sham mice. RYGB combined with administration of Ad-S6K1 also significantly increased TGR5 and GLP-1 staining when compared to sham-operated mice receiving Ad-GFP ([Fig. 3](#f0015){ref-type="fig"}).Fig. 3Increment in co-localization of TGR5 and GLP-1 by Ad-S6K1 and RYGB.Representative images of TGR5 and GLP-1 immunostaining in ileums from sham- or RYGB- operated mice receiving Ad-GFP or Ad-S6K1. High-resolution images depicting GLP-1 (green) and TGR5 (red) in ileal mucosal cells. Merged image illustrates colocalization of GLP-1 and TGR5 (orange). Bar, 50 μm. HSG, sham-operated mice receiving Ad-GFP; HSS, sham group receiving Ad-S6K1; HRG, RYGB-operated mice receiving Ad-GFP; HRS, RYGB-operated mice receiving Ad-S6K1. Computerised image analysis (Model Leica Q550CW, Leica, Qwin, Germany) was performed to quantify the immunostaining signals of TGR5 and GLP-1 from mouse ileums. n = 6, the p value was measured with factorial design ANOVA. \*, *P* \< 0.05 vs. sham-operated mice receiving Ad-GFP.Fig. 3

As shown in [Table 2](#t0010){ref-type="table"}, RYGB significantly increased total BAs, unconjugated and conjugated BAs in either Ad-GFP or Ad-S6K1 treated animals. Again, DCA was significantly increased by RYGB and overexpression of S6K1. Under conditions of RYGB combined with tail vein administration of Ad-S6K1, GLP-1 production and TGR5-mTORC1 signaling were positively correlative with plasma deoxycholic acid (Supplementary Table 4).Table 2Plasma bile acids composition and concentrations in DIO mice receiving Ad-GFP or Ad-S6K1.Table 2Specific BAsHSGHSSHRGHRS3β-CA38.8 ± 5.980.3 ± 14.9133.6 ± 4.9[†](#tf0030){ref-type="table-fn"}93.2 ± 32.5CA165.7 ± 30.1330.0 ± 207.0549.9 ± 19.6[†](#tf0030){ref-type="table-fn"}3286.0 ± 1054.0[‡](#tf0035){ref-type="table-fn"}CDCA35.2 ± 4.222.5 ± 0.4[⁎](#tf0025){ref-type="table-fn"}38.8 ± 2.546.1 ± 0.4[§](#tf0040){ref-type="table-fn"}NCA16.7 ± 1.611.7 ± 2.514.4 ± 2.410.0 ± 0.1[‡](#tf0035){ref-type="table-fn"}UCA8.5 ± 2.014.7 ± 9.925.3 ± 8.712.1 ± 1.3α-MCA12.7 ± 1.718.9 ± 1.666.4 ± 2.1[†](#tf0030){ref-type="table-fn"}25.7 ± 2.4[‡](#tf0035){ref-type="table-fn"}β-MCA108.1 ± 18.4249.7 ± 81.61285.0 ± 332.3[†](#tf0030){ref-type="table-fn"}771.8 ± 114.2[‡](#tf0035){ref-type="table-fn"}, [§](#tf0040){ref-type="table-fn"}3-DHCA17.9 ± 0.523.9 ± 1.0[⁎](#tf0025){ref-type="table-fn"}23.6 ± 0.3[†](#tf0030){ref-type="table-fn"}24.2 ± 1.7[‡](#tf0035){ref-type="table-fn"}7-KDCA25.5 ± 4.019.5 ± 2.074.2 ± 0.9[†](#tf0030){ref-type="table-fn"}44.3 ± 5.9[§](#tf0040){ref-type="table-fn"}7-KLCA42.2 ± 2.731.9 ± 4.826.1 ± 4.3[†](#tf0030){ref-type="table-fn"}13.7 ± 1.9[‡](#tf0035){ref-type="table-fn"}, [§](#tf0040){ref-type="table-fn"}ALCA18.1 ± 0.510.7 ± 0.1[⁎](#tf0025){ref-type="table-fn"}63.4 ± 1.2[†](#tf0030){ref-type="table-fn"}45.9 ± 10.1[§](#tf0040){ref-type="table-fn"}DCA73.2 ± 19.9133.9 ± 6.5[⁎](#tf0025){ref-type="table-fn"}481.0 ± 12.3[†](#tf0030){ref-type="table-fn"}426.0 ± 74.6[‡](#tf0035){ref-type="table-fn"}, [§](#tf0040){ref-type="table-fn"}HDCA33.0 ± 2.038.4 ± 5.225.4 ± 0.4[†](#tf0030){ref-type="table-fn"}11.3 ± 0.1[‡](#tf0035){ref-type="table-fn"}, [§](#tf0040){ref-type="table-fn"}IDCA11.2 ± 0.44.4 ± 0.8[⁎](#tf0025){ref-type="table-fn"}10.2 ± 1.223.7 ± 4.5[§](#tf0040){ref-type="table-fn"}UDCA16.8 ± 2.443.5 ± 8.3[⁎](#tf0025){ref-type="table-fn"}94.0 ± 11.0[†](#tf0030){ref-type="table-fn"}100.5 ± 55.0λ-MCA17.3 ± 1.011.2 ± 5.115.8 ± 2.515.9 ± 1.0GCA10.3 ± 0.311.8 ± 4.115.4 ± 2.418.1 ± 4.5GCDCA13.6 ± 0.813.3 ± 3.513.4 ± 1.517.4 ± 1.7TCA301.3 ± 71.9981.2 ± 63.7[⁎](#tf0025){ref-type="table-fn"}1794.0 ± 128.1[†](#tf0030){ref-type="table-fn"}2807.0 ± 215.1[‡](#tf0035){ref-type="table-fn"}, [§](#tf0040){ref-type="table-fn"}α-TMCA292.6 ± 14.9936.3 ± 7.2[⁎](#tf0025){ref-type="table-fn"}591.8 ± 88.9[†](#tf0030){ref-type="table-fn"}478.5 ± 31.1[‡](#tf0035){ref-type="table-fn"}, [§](#tf0040){ref-type="table-fn"}GDCA11.4 ± 0.210.1 ± 0.114.7 ± 1.712.6 ± 4.1GDHCA7.4 ± 2.46.5 ± 3.14.4 ± 1.25.7 ± 0.9GHDCA12.5 ± 2.511.4 ± 3.09.7 ± 0.79.6 ± 0.1GLCA8.8 ± 1.514.1 ± 1.1[⁎](#tf0025){ref-type="table-fn"}12.7 ± 2.720.2 ± 4.4GUDCA16.5 ± 2.815.2 ± 2.314.7 ± 1.010.3 ± 0.4TDCA59.8 ± 3.358.2 ± 5.8111.1 ± 0.1[†](#tf0030){ref-type="table-fn"}72.8 ± 3.2[‡](#tf0035){ref-type="table-fn"}THDCA19.6 ± 3.124.2 ± 5.610.4 ± 0.5[†](#tf0030){ref-type="table-fn"}8.3 ± 0.8[‡](#tf0035){ref-type="table-fn"}, [§](#tf0040){ref-type="table-fn"}TLCA8.5 ± 0.310.2 ± 1.611.3 ± 2.36.7 ± 0.7TUDCA35.1 ± 1.699.7 ± 14.2[⁎](#tf0025){ref-type="table-fn"}140.6 ± 12.7[†](#tf0030){ref-type="table-fn"}155.5 ± 33.2[‡](#tf0035){ref-type="table-fn"}λ-GMCA16.9 ± 1.611.7 ± 3.413.7 ± 0.811.0 ± 2.9λ-TMCA134.6 ± 16.71408.0 ± 166.7[⁎](#tf0025){ref-type="table-fn"}2122.0 ± 333.3[†](#tf0030){ref-type="table-fn"}2345.0 ± 333.3[‡](#tf0035){ref-type="table-fn"}Total BAs1592.0 ± 40.14655.0 ± 201.7[⁎](#tf0025){ref-type="table-fn"}7810.0 ± 919.3[†](#tf0030){ref-type="table-fn"}10,900.0 ± 951.0[‡](#tf0035){ref-type="table-fn"}, [§](#tf0040){ref-type="table-fn"}Unconjugated BAs647.8 ± 38.11043.0 ± 306.4 ^⁎^2931.0 ± 365.6[†](#tf0030){ref-type="table-fn"}4926.0 ± 852.8[‡](#tf0035){ref-type="table-fn"}, [§](#tf0040){ref-type="table-fn"}Conjugated BAs949.0 ± 58.63612.0 ± 105.1[⁎](#tf0025){ref-type="table-fn"}4879.0 ± 554.1[†](#tf0030){ref-type="table-fn"}5978.0 ± 98.6[‡](#tf0035){ref-type="table-fn"}, [§](#tf0040){ref-type="table-fn"}Primary BAs1004.0 ± 49.22670.0 ± 359.0[⁎](#tf0025){ref-type="table-fn"}4527.0 ± 556.2[†](#tf0030){ref-type="table-fn"}7566.0 ± 767.0[‡](#tf0035){ref-type="table-fn"}, [§](#tf0040){ref-type="table-fn"}Secondary BAs588.0 ± 31.21985.0 ± 158.2[⁎](#tf0025){ref-type="table-fn"}3283.0 ± 363.3[†](#tf0030){ref-type="table-fn"}3338.0 ± 199.1[‡](#tf0035){ref-type="table-fn"}, [§](#tf0040){ref-type="table-fn"}[^7][^8][^9][^10][^11]

3.4. Effects of RYGB on Intestinal TGR5-mTORC1 Signaling and GLP-1 Expression in Human Beings {#s0090}
---------------------------------------------------------------------------------------------

We further examined the effects of RYGB on intestinal mTORC1 signaling activity and GLP-1 expression in human subjects. As shown in [Fig. 4](#f0020){ref-type="fig"}, enhanced mTORC1 signaling activity in ileums as evidenced by an increase in raptor, phosphorylation levels of mTOR, S6K1, and S6 was observed in post-RYGB subjects or non-diabetic subjects when compared to obese type 2 diabetic patients. This change was associated with inhibition of ileal FXR and SHP expression. No difference was detected between post-RYGB and non-diabetic subjects ([Fig. 4](#f0020){ref-type="fig"}a, c, and d). mRNA and protein levels of TGR5 and Cyp7a1 in ileal mucosa were markedly down-regulated in obese type 2 diabetics relative to either post-RYGB or non-diabetic subjects ([Fig. 4](#f0020){ref-type="fig"}a, b, and e). Both the mRNA and protein levels of proglucagon in ileal mucosa were significantly decreased in obese type 2 diabetic patients versus post-RYGB subjects or non-diabetics. ([Fig. 4](#f0020){ref-type="fig"}a and f). There existed a positive relation between ileal mTORC1 activity and proglucagon expression ([Fig. 4](#f0020){ref-type="fig"}a). Details of clinical information on human subjects are presented in Supplementary Table 1.Fig. 4Effects of RYGB on ileal TGR5-mTORC1 signaling and GLP-1 production in human beings.(a) Representative western blot from ileums of non-diabetic subjects, obese type 2 diabetics, post-RYGB patients. Raptor, pmTOR, mTOR, pS6K, S6K, pS6, S6, FXR, Cyp7a1, TGR5, and proglucagon were blotted. mTOR, S6K, S6, and β-actin were used as loading controls. Quantification of image analysis of intestinal S6 phosphorylation and proglucagon expression is expressed as mean ± SEM. Correlations between protein levels of proglucagon/β-actin and pS6/S6 were determined by Pearson analysis. Results of quantitative PCR analysis of TGR5 mRNA (b), FXR mRNA (c), SHP mRNA (d), Cyp7a1 mRNA (e) and proglucagon mRNA (f) are expressed as fold change from lean post-RYGB subjects using β-actin as loading control. (g) Body mass index (BMI) for human subjects. n = 6, \*, *P* \< 0.05 vs. Post-RYGB subjects. ^\#^, *P* \< 0.05 vs. obese type 2 diabetics. Statistical differences were assessed by one-way ANOVA followed by Newman-Student-Keuls test.Fig. 4

Antibodies recognizing TGR5, phospho-S6K (Thr389), phospho-S6 (Ser235/236) and GLP-1 demonstrated stronger positive reactivity in ileums of post-operative patients compared to obese type 2 diabetic patients ([Fig. 5](#f0025){ref-type="fig"}), suggesting that RYGB increases ileal TGR5-mTORC1 signaling and GLP-1 expression.Fig. 5Immunofluorescent analysis of TGR5 and GLP-1 in the human ileal mucosa in obese and post-RYGB subjects.Expression and colocalization of TGR5 (red), pS6K(red) or pS6 (red) and GLP-1 (green) in the human ileal mucosa in obese type 2 diabetic patients and post-RYGB subjects. Merged image (orange) illustrates colocalization of TGR5, pS6K or pS6 and GLP-1. Bar, 50 μm. Computerised image analysis (Model Leica Q550CW, Leica, Qwin, Germany) was performed to quantify the immunostaining signals of TGR5, GLP-1, pS6K, and pS6 from human ileal mucosa. The p value was measured with Student\'s t-test. n = 5, \*, *P* \< 0.05 vs. post-RYGB subjects.Fig. 5

3.5. Stimulation of GLP-1 Synthesis and Secretion by Deoxycholic Acid in STC-1 Cells {#s0095}
------------------------------------------------------------------------------------

Since RYGB significantly stimulated DCA production, the effects of DCA on GLP-1 synthesis and secretion were next examined in STC-1 cells. DCA induced a concentration- and time-dependent increase in GLP-1 synthesis and secretion ([Fig. 6](#f0030){ref-type="fig"}a--i). Further, DCA dose-dependently increased the GCG promoter activity ([Fig. 6](#f0030){ref-type="fig"}e). DCA at the doses from 3.75 to 60 μmol/L caused a concentration-dependent increase in mTORC1 activity and TGR5 levels ([Fig. 6](#f0030){ref-type="fig"}a, b).Fig. 6Stimulation of GLP-1 synthesis and secretion by DCA in STC-1 cells.Cultured STC-1 cells were treated with various concentrations of DCA for 24 h (a*-*e), or DCA (30 μmol/L) for time indicated (f-i). TGR5 mRNA (b, g), proglucagon mRNA (c, h) and protein (a, f) were analyzed by RT-PCR and western blotting. Medium GLP-1 (d, i) was determined by enzyme immunoassay. (e) Proglucagon promoter activity, Luciferase activity with the dual-luciferase reporter assay system was measured using a luminometer. Results are expressed as mean ± SEM. Experiments were repeated for three times. The p value was measured with Student\'s t-test. \*, *P* \< 0.05 vs. control.Fig. 6

3.6. Deoxycholic Acid Induced GLP-1 Synthesis Through TGR5-mTORC1 Signaling {#s0100}
---------------------------------------------------------------------------

Next, we examined whether mTORC1 mediates the effects of DCA on GLP-1 production. siRNA knockdown of mTOR abolished the DCA-induced increase of proglucagon mRNA and protein levels ([Fig. 7](#f0035){ref-type="fig"}a, c), as well as GLP-1 secretion ([Fig. 7](#f0035){ref-type="fig"}d) in cultured STC-1 cells. Knockdown of mTOR significantly inhibited the phosphorylation of mTOR, S6K and S6, indicating a decrease in mTORC1 signaling ([Fig. 7](#f0035){ref-type="fig"}a). Furthermore, siRNA knockdown of mTOR abolished both endogenous and DCA-induced TGR5 expression ([Fig. 7](#f0035){ref-type="fig"}a, b).Fig. 7Modulation of GLP-1 production by DCA through TGR5-mTORC1 signaling.STC-1 cells were transfected with control siRNA or mTOR siRNA and treated with DMSO or DCA (30 μmol/L) for 24 h. Results were expressed as mean ± SEM. n = 3. \*, *P* \< 0.05 vs. control. (a) Representative western blots of Raptor, pmTOR, mTOR, pS6K, S6K, pS6, S6, TGR5, proglucagon and β-actin. (b) TGR5 mRNA. (c) Proglucagon mRNA. (d) Medium GLP-1(active) concentration.STC-1 cells were transfected with control siRNA or TGR5 siRNA and treated with following drugs for 24 h: DMSO, DCA (30 μmol/L), rapamycin (50 nmol/L) or DCA plus rapamycin. Results were expressed as mean ± SEM. n = 3. \*, *P* \< 0.05 vs. control. (e) Representative western blots of Raptor, pmTOR, mTOR, pS6K, S6K, pS6, S6, TGR5, proglucagon and β-actin. (f) TGR5 mRNA. (g) Proglucagon mRNA. (h) Medium GLP-1(active) concentration.(i-k) Immunoprecipitations/Immunoblot assaying for interaction between endogenous TGR5 and Raptor/mTOR. STC-1 cells were treated with DMSO or DCA (30 μmol/L) for 24 h. The interaction between TGR5 and Raptor/mTOR was detected by co-immunoprecipitation. TGR5 was precipitated using anti-TGR5 antibodies and co-precipitated mTOR and Raptor were immunoblotted (i). Raptor was precipitated using anti-Raptor antibodies and co-precipitated mTOR and TGR5 were immunoblotted under DMSO or DCA treatment (j). mTOR was precipitated using anti-mTOR antibodies and co-precipitated Raptor and TGR5 were immunoblotted under DMSO or DCA treatment (k).Fig. 7

TGR5 siRNA suppressed GLP-1 production induced by DCA, which was associated with inhibition of raptor expression and mTORC1 activity. Inhibition of mTORC1 activity by rapamycin also attenuated the effects of DCA on TGR5 and GLP-1 production ([Fig. 7](#f0035){ref-type="fig"}e-h).

Co-IP was further employed to investigate whether TGR5 and mTOR/raptor interacted with each other. IgGs against TGR5, raptor, and mTOR co-immunoprecipitated with each other, indicating an interaction between raptor, mTOR and TGR5. DCA treatment enhanced the interaction between TGR5 and raptor or mTOR ([Fig. 7](#f0035){ref-type="fig"}i--k).

4. Discussion {#s0105}
=============

The major finding of the present study is that TGR5-mTORC1 signaling in enteric endocrine L cells contributes to the enhancement of GLP-1 production induced by RYGB. This conclusion is supported by following distinct observations: 1) A positive relationship exists among plasma bile acids, ileal mTORC1 signaling and the expression of GLP-1 during fasting; 2) RYGB stimulates ileal TGR5-mTORC1 signaling, which is associated with an increase of GLP-1 production in both lean and DIO mice; 3) Rapamycin attenuates the effect of RYGB on TGR5-mTORC1 signaling and GLP-1 production; 4) Both RYGB and overexpression of S6K1 enhance the TGR5-mTORC1 signaling, leading to subsequent increase in GLP-1 production; 5) Ileal TGR5-mTORC1 signaling and GLP-1 production are significantly increased in post-RYGB patients compared to obese type 2 diabetic patients; 6) RYGB-induced increase of GLP-1 production correlates with plasma bile acids, particularly DCA; 7) DCA stimulates TGR5-mTORC1 signaling and GLP-1 production in STC-1 cells; 8) Both TGR5 siRNA and mTOR siRNA abolish the stimulation of GLP-1 production induced by DCA; 9) DCA increases the interaction between TGR5 and mTOR/Raptor.

RYGB, the most commonly performed bariatric operation, ameliorates virtually all obesity-related comorbid conditions, the most impressive being a dramatic resolution of type 2 diabetes mellitus (T2DM). After RYGB, 84% of patients with T2DM experience complete remission of this disease, and virtually all have improved glycemic control \[[@bb0195]\]. Several mechanisms probably mediate the antidiabetic impact of RYGB, including enhanced GLP-1 release from L cells \[[@bb0025],[@bb0030],[@bb0050],[@bb0195]\]. Numerous animal and human studies that have examined changes in the release of GLP-1 after RYGB have consistently illustrated that fasting levels of GLP-1 are increased by several folds \[[@bb0030],[@bb0050],[@bb0195]\]. The mechanism underlying the up-regulation of GLP-1 after RYGB remains largely unknown. Rapid delivery of food to the incretin-secreting portions of the intestine has been presumed to account for the increase in GLP-1 after meal ingestion in post-RYGB patients \[[@bb0200]\]. An increase in L-cell number has also been attributed to the enhanced proglucagon expression induced by RYGB in rats \[[@bb0205]\]. Our studies demonstrate that ileal mTORC1 signaling contributes to the increase of GLP-1 production after RYGB. mTORC1 signaling activity in ileal mucosa is up-regulated after RYGB in both rodents and human subjects. Suppression of mTORC1 activity attenuates the effects of RYGB on GLP-1 production. These findings are consistent with our previous study showing that mTORC1 signaling in intestinal mucosa coordinates overall fuel levels with production and secretion of GLP-1 \[[@bb0150]\].

As the biomarkers for diabetes and obesity, plasma levels of bile acids are positively related to glycemic control \[[@bb0210]\]. Lowering circulating bile acids worsens diet-induced obesity and diabetes, whereas increasing bile acid pool size improves glucose homeostasis \[[@bb0095]\]. Recent studies also suggest a mechanistic role for bile acids in the metabolic improvement following bariatric surgery. Fasting BAs increase after RYGB \[[@bb0095]\]. By activating FXR and TGR5, bile acids facilitate postprandial absorption of nutrients and regulate lipid, glucose and energy metabolism \[[@bb0095],[@bb0210]\]. In enteroendocrine L cells, bile acids regulate the synthesis and secretion of GLP-1 via its counteracting effects on transmembrane receptor TGR5 and nuclear receptor FXR \[[@bb0095],[@bb0110],[@bb0115],[@bb0185]\]. Deletion of TGR5 completely abolishes the up-regulation of ileal proglucagon and plasma GLP-1 following VSG surgery \[[@bb0100],[@bb0105]\]. In our study, we found that after RYGB, concentrations of most circulating unconjugated and conjugated BAs were significantly increased and TGR5 signaling in ileums were activated in rodents. Both western blot and immunofluorescent staining demonstrate significantly higher levels of TGR5 in L cells after RYGB surgery. The potency order of BAs to activate TGR5 and FXR is: LCA \> DCA \> CDCA\>CA and CDCA\>DCA \> CA \> LCA respectively \[[@bb0095]\]. The observation that DCA, an agonist for both TGR5 and FXR, is significantly increased informs us to examine whether DCA-TGR5/FXR signaling is enhanced in L cells after RYGB. Although mice have markedly different bile acid profile than humans, it has been reported that serum DCA increases significantly after RYGB in both rodent and human subjects \[[@bb0215],[@bb0220]\]. DCA may thus function as a major BA to stimulate the synthesis of GLP-1 after RYGB. The increase in ileal TGR5 signaling subsequently recruits mTOR complex 1 to alter GLP-1 production. Our in vitro data further support this hypothesis. Treatment of STC-1 cells with DCA activates mTORC1 signaling, which is subsequently followed with the increase of GLP-1 production. Suppression of mTORC1 signaling by rapamycin or silence of mTOR gene attenuates the effect of DCA. TGR5 deficiency significantly reduces the effect of DCA on mTORC1 signaling and subsequent GLP-1 production. Consistent with our observation, previous study also demonstrates that activation of TGR5 stimulates mTORC1 signaling in macrophage \[[@bb0225]\]. Limitations exist for our approaches that seek to assess the link between TGR5 and mTORC1 in vivo. Chronic treatment of mice with a TGR5 agonist will address this potential. Since TGR5 antibodies lack specificity, additional studies using TGR5 gene null mice should be performed to confirm the specificity of the applied antibody. Further, since DCA constitutes only \<15% of total circulating BAs, it is worth of noting that signaling pathway in addition to mTORC1 may mediate the effects of increased BAs on the upregulation of GLP-1 after RYGB surgery. Limitations also exist in our human study. RYGB was only compared to obese diabetics but not to obese non-diabetics. Further studies on obese non-diabetic patients will address this potential.

Alteration in bile acid composition also activates FXR, whose activity has been reported to repress proglucagon gene expression and GLP-1 secretion in the ileum \[[@bb0185]\]. In our study, ileal FXR expression is significantly lower after RYGB. Since FXR inhibits mTOR-S6K signaling pathway in liver cancer cells \[[@bb0230]\], reduction of ileal FXR may contribute to the hyperactivation of mTORC1 signaling after RYGB operation.

In summary, our studies demonstrate that RYGB increases deoxycholic acid-TGR5 signaling, which subsequently activates mTORC1 signaling to stimulate GLP-1 production in L cells ([Fig. 8](#f0040){ref-type="fig"}). TGR5-mTORC1 signaling may represent a novel mechanism responsible for the metabolic benefit of RYGB, thus providing a potential target for the intervention of obesity and diabetes.Fig. 8Summary of putative mechanisms linking TGR5-mTORC1 signaling pathway and GLP-1 production after Roux-en-Y gastric bypass.After RYGB, circulating bile acids and ileal TGR5 are elevated, whereas FXR is down-regulated. This concurrent increase of TGR5 and decrease of FXR stimulates mTORC1 signaling, leading to the subsequent stimulation of GLP-1 production.Fig. 8
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